Magnetism and Superconductivity in Ce2RhIn8 
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We report the discovery of pressure-induced superconductivity, with Tc = 2 K, in the heavy- 
fermion antiferromagnet Ce2RhIn8, where superconductivity and magnetic order coexist over an 
extended pressure interval. A T-linear resistivity in the normal state, accessed by an applied mag- 
netic field, does not appear to derive from the existence of a 2D quantum-critical spin-density wave. 

PACS numbers: 74.70.Tx, 74.62.Fj, 75.30.Mb, 75.40.-s 



Discoveries of pressure-induced superconductivity in 
several cerium-based heavy-fermion antiferromagnets 
have provided a qualitative perspective on the complex 
relationship between magnetism and superonductivity in 
these highly correlated systemsii: Celns is a typical ex- 
ample. Application of pressure suppresses its Neel tem- 
perature from Tn ^ 10 K at atmospheric pressure to 
zero temperature at a critical pressure Pc ~ 2.5 GPa.^ 
Neutron-diffraction studies? show that the ordered 4f- 
moment decreases with T/v(P), behavior also reflected 
in a monotonic depression of a specific heat anomaly at 
Tat that disappears as P approaches Pc-^ This evolution 
in magnetic properties arises from a pressure-induced 
increase in hybridization between Ce's /-electron and 
conduction-band electrons. Near Pc, the electrical re- 
sistivity assumes a quasilinear temperature dependence, 
in contrast to p oc expected of a Landau Fermi liq- 
uid, and is consistent with quasiparticle scattering from a 
quantum-critical spin-density wave,"'^ Damped spin fluc- 
tuations in this critical region mediate Cooper pairing in 
the unconventional superconducting state that emerges 
in a narrow pressure range centered around Pc^ Like 
Celna, which has a maximum Tc « 0.25 K, other exam- 
ples in this class have Tc's well below 1 K and supercon- 
ductivity appears only in the 'cleanest' samples with a 
long electronic mean-free path. 

A counter-example to this view is UPd2Al3 in which 
local-moment antiferromagnetism and unconventional 
superconductivity coexist from atmospheric to high 
pressures.^ In this case, the three 5/-electrons in U as- 
sume dual characters: two localized /'s are responsible 
for antiferromagnetism at T;v=14.5 K and the other hy- 
bridizes with conduction states to form a liquid of heavy 
quasiparticles that becomes unstable below 2 K with re- 
spect to a pairing interaction derived from dispersive ex- 
citations of the ordered moments 

In both examples, unconventional superconductivity is 
mediated by a magnetic interaction, but the bosonic ex- 
citations are distinctly different. In the Ce supercon- 
ductors there is only a single / electron participating in 
both magnetism and superconductivity through its hy- 
bridization with itinerant electrons; whereas, there is a 
fimctional separation of / electrons in UPd2Al3. In the 
following, we present pressure-dependent measurements 
of the heavy-fermion antiferromagnet Ce2RhIn8 in which 
magnetic order and superconductivity appear to coexist 



over a rather broad pressure range and are accompanied 
by an unexpected T-linear variation in electrical resistiv- 
ity. These results suggest that Ce2RhIn8 and perhaps the 
structurally-related compound CeRhlns present a differ- 
ent example of the interplay between magnetism and su- 
perconductivity in strongly correlated matter. 

Ce2RhIn8 is a member of the family of heavy-fermion 
antiferromagnets CenRhIn3„+2 composed of n layers of 
Celna separated by a single layer of Rhln2 , a sequence re- 
peated along the tetragonal c-axisi The n = 1 member, 
CeRhlus, becomes superconducting at pressures above 
1.6 GPa with a Tc exceeding 2 nearly an order of 
magnitude higher than the infinite layer member Celns. 
Inserting a second layer of Celna into CeRhlns gives 
Ce2RhIng, which orders in a commensurate antiferro- 
magnetic structure at 2.8 K with an ordered moment of 
0.55 fiB^ slightly reduced by Kondo-spin compensation 
from the moment expected in the ground-state crystal- 
field doublet. It undergoes a second transition to an 
incommensurate magnetic structure at Tlj\j—1.65 KjiS 
which, as will be shown, is irrelevant to the supercon- 
ductivity that appears with applied pressure. 

Ce2RhIng single crystals were grown out of excess 
In flux. X-ray diffraction on powdered crystals re- 
vealed single-phase material in the primitive tetrago- 
nal IIo2CoGa8 structure with lattice parameters a — 
0.44665 nm and c = 1.2244 nm at room temperature. 
There was no evidence for intergrowth of CeRhlns . Four- 
probe ac-resistance measurements were made with cur- 
rent flow in the (a, 6)-plane. Clamp-type cells generated 
hydrostatic pressures to 0.6 GPa for dc magnetization 
and 2.3 GPa for resistivity measurements. Flourinert-75 
served as the pressure medium. Hydrostatic pressures 
to 5.0 GPa were produced in a toroidal anvil cell using 
a glycerol-water mixturCfii In both cases, the supercon- 
ducting transition of Pb (Sn), which served as a pressure 
gauge, remained sharp at all pressures, indicating a pres- 
sure gradient of less than 1-2% of the applied pressure. 

The overall behavior of the resistivity is shown in fig. ^ 
The high temperature resistivity increases with increas- 
ing pressure over the temperature range between about 
25 K and room-temperature. There is well-defined max- 
imum in the resistivity at Tmax = 5 K that initially de- 
creases with P before increasing at a rate of '^20 K/GPa 
for P > 2.0 GPa. This initial negative dT^^JdP is 
unexpected for a Ce-based compound but is found in 
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FIG. 1: Temperature dependence of the in-plane resistivity of 
Ce2RhIn8 at various fixed pressures from ambient pressure to 
4.09 GPa. The inset shows the P = low-temperature resis- 
tivity and its derivative. The magnetic transitions are clearly 
indicated at Tjv = 2.8 K and Tljv = 1.65 K, respectively. 



CeRhlnsiSiiS In that case, TmaxC^') followed the pres- 
sure dependence of a maximum in the static susceptibil- 
ity that is produced by the development of anisotropic 
antiferromagnetic correlations above Tpfi^ Presumably, 
the initial decrease in Tmax(-P) in Ce2RhIn8 has the same 
origin as in CeRhlns. The increase in Tmaxl-P) at higher 
pressures is due to a shift of the characteristic spin- 
fluctuation temperature to progressively higher energies. 

The inset of Fig. 1 shows the low-temperature resistiv- 
ity and its derivative at atmospheric pressure. Compared 
to the typically small residual resistivity po ~ 1 fJ-^cm of 
Celna and CeRhln^^ po for Ce2RhIn8 is one to two or- 
ders of magnitude higher. A low residual resistivity ratio 
and high po are reproduced in all of many high-quality 
crystals of Ce2RhIn8 we have studied, and, therefore, ap- 
pears to be an intrinsic property of this compound. In 
spite of the high resistivity, p{T) and dp/dT clearly re- 
veal the commensurate and incommensurate antiferro- 
magnetic transitions at Tjv — 2.8 K and Tln = 1.65 K, 
respectively. Using the data in Fig. ^ and the maxima 
in dp/dT to track the pressure evolution of these phase 
transitions, we find that Tff{P) decreases linearly at a 
rate dT^/dP « -0.76 K/GPa. This slope is confirmed 
by dc-susceptibility measurements to 0.5 GPa. 

Figure |21 gives a detailed view of the low-temperature 
resistivity at intermediate pressures. We see that the 
incommensurate transition is very sensitive to pressure. 
Tln shifts from 1.65 K at ambient pressure to 0.95 K at 
0.02 GPa. This gives an estimate of a critical pressure 
Pc,LN ~ (0.04 ± 0.01) GPa for suppressing Tln and a 
corresponding slope of dTLN/dP « -(43 ± 15) K/GPa 
that is consistent with BTlm/QP derived from Ehren- 
fest's relation and measurements of the low-temperature 
specific heat and volume thermal expansion^ Therefore, 
only the commensurate phase survives for P > 0.04 GPa. 
At 0.55 GPa a weak decrease in the resistivity appears at 




FIG. 2: Low-temperature resistivity of the in-plane resistivity 
of Ce2RhIng at various fixed pressures. See text for details. 
With increasing pressure, a zero-resistivity and diamagnetic 
state evolves below 600 mK at 1.63 GPa as shown in the inset. 



T-? — 420 mK. Nearly the same temperature dependence 
of the resistivity and same T? are found for 0.69 and 
0.89 GPa (not shown). We do not know the origin of this 
feature. At 1.10 GPa the data develop a steeper slope be- 
low ~1 K followed by a kink near Tc — 380 mK. The kink 
shifts continuously to higher temperatures with increas- 
ing pressure and evolves smoothly into a zero-resistance 
state below 600 mK at 1.63 GPa. Measurements of the 
ac susceptibility, plotted in the inset of Fig. |21 show the 
onset of a diamagnetic response at the same tempera- 
ture where the resistance goes to zero. Although perfect 
diamagnetism could not be observed in the experimen- 
tally accessible temperature range, it is clear from the 
size of the signal change that the diamagnetic response 
is due to bulk superconductivity. Reproducibility of a 
zero-resistance state for P > 1.6 GPa was confirmed on 




FIG. 3; Effect of a magnetic field on the resistivity of 
Ce2RhIng at P — 1.63 GPa and in various magnetic fields 
up to 69 kOe applied parallel to the basal plane. The inset 
shows Hc2 as a function of the temperature. The solid curve 
is a fit described in the text. The initial slope of Hc2(T) is 
indicated by the dotted line. 
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FIG. 4: The temperature-pressure phase diagram for 
Ce2RhIn8 determined by p{T) (solid symbols) and de- 
magnetization (open circles). The lines are guides to the eyes. 



another crystal. 

To provide additional confirmation of bulk supercon- 
ductivity, we determined the upper critical field Hc2{T) 
at 1.63 GPa using data plotted in Fig. |3| The re- 
sistive onset defines Hc2{T) which is shown in the in- 
set. A fit of Hc2 oc (iJc2(T = 0) - Hc2{T)f describes 
the data reasonably well with -ffc2(0) = 53.6 kOe and 
an initial slope -dHc2/dT \t=Tc= 91.8 kOe/KM The 
Ginzburg-Landau coherence length in the c-axis direc- 
tion ^GL — [ 2^^° (0) ]°'^ ~ '^■'^ which is comparable 
to the volume-averaged electronic mean-free path, I w 
6.5 nm4^ The dirty-limit relationship -'dHc2/dT \t=Tc 
oc po7 gives 7 « 0.20 J/molCeK^ at 1.63 GPa, which 
is one-half the value measured directly at atmospheric 
pressure just above Tjy. Halving of the Sommerfeld co- 
efficient at 1.63 GPa is expected from the relationship 
j{P) oc l/rmax(^') obeyed by several heavy- fermion sys- 
tems and our observation that Tinax(l-63)/Tmax(0) = 
2.5 in Ce2RhIn8. Furthermore, bulk superconductivity 
evolves out of a distinctly non-Fermi-liquid-like state. A 
fit to p{T) at 1.63 GPa and 69 kOe, soHd squares in 
Fig. 3, gives p = po + ^'T",with n = 0.95 ± 0.05 for 
0.3 K < T < 1.8 K. An approximately T-linear resistiv- 
ity also is found above Tc in CeRhln^^ and is qualita- 
tively different from the T'~i-6 dependence observed in 
Gelna near its critical pressure.^ 

Measurements to 5.0 GPa, but for T > 1 K, show the 
onset of superconductivity reaching a maximum of 2.0 K 
near 2.3 GPa before decreasing below 1 K above 3.5 GPa. 
See Fig. 0] Tc reaches a maximum close to the pressure 
at which Tn extrapolates to zero. Unless Tn drops pre- 
cipitously above ^--^1.5 GPa, superconductivity and local- 
moment, commensurate antiferromagnetism coexist over 
a substantial range of pressures. A critical pressure of 
~2.5 GPa and a 'dome' of superconductivity with a max- 
imum Tc centered near the extrapolated critical pressure 
also are found in Celns^ however, the maximum Tc of 
Ce2RhIng reaches a value comparable to Tn{P — 0), 



as it does in GeRhIn5 piiS and is an order of magnitude 
higher than in Gelna, where Tc/T/v — 0.025. Interest- 
ingly, the 'dome' of superconductivity exists over a rather 
broad pressure range, at least 2.5 GPa, in Ce2RhIn8 but 
is very narrow, ^0.4 GPa, in Celns; the pressure range 
over which superconductivity exists scales roughly with 
Tc. 

To interpret these observations, we first consider the 
perspective developed from other examples of P-induced 
superconductivity in Ce-based systems. For magneti- 
cally mediated superconductivity, Tc oc T,/, where T,/ 
is the characteristic spin-fluctuation temperature that is 
inversely proportional to the specific heat Sommerfeld co- 
efficient 7.1^5 For CcRhlns ^ CeaRhlng and Gelng^ 7 ~ 
0.4, 0.2 and 0.37 J/molCeK^, respectively, at P < P^. 
With all other factors equal, Tc's, then, should be ap- 
proximately (±50%) the same within this family of ma- 
terials; instead, Tc's of the layered compounds are much 
higher than in Celns. Though Tgf sets the overall scale 
for the magnitude of Tc, Tc also depends on the effective 
dimensionality of the spin fluctuations and the electronic 
structure: reduced dimensionality favors a higher Tc*^ 

Support for this scenario comes from conventional 
models of antiferromagnetic quantum criticality^ These 
models predict that, near Pc, T/v oc (Pc — P)^ and 
p{T) oc T~ , where the dynamical exponent z~2 and d is 
the effective dimensionality of the spin-fluctuation spec- 
trum. Experimental observations on Celns are consis- 
tent with theoretical predictions fori d=3 and with d—2 
in Ge2RhIn8 and provide a plausible explanation for the 
unexpectedly high Tc of Ce2RhIn8. In this picture, the 
d-wave superconductivity^^ and even somewhat higher 
Tc of GeRhlns would be attributable to more nearly 
optimal matching of the momentum dependence of the 
dynamic spin susceptibility x(q, w) to its quasi-2D elec- 
tronic structurci^ Further, this interpretation supports 
superconductivity existing over a much wider range of 
pressures in Ce2RhIn8 than in Gelna because the effective 
pairing interaction is expected to be stronger in quasi-2D 
than in 3DJ^ 

Though providing a qualitative account of our obser- 
vations, the interpretation outlined above relies on a 
model^^ in which the non-Fermi-liquid temperature de- 
pendence of p(T) arises from Bragg diffraction of heavy 
quasiparticles off a quantum-critical spin-density wave 
(SDW). In this case, the scattering is critical only on 'hot' 
portions of the Fermi surface spanned by the antiferro- 
magnetic ordering wave- vector Q; whereas, other parts 
of the Fermi surface are unaffected. ^-"^ Unless all of the 
Fermi surface is hot, the resistivity should vary as T^"'"'^, 
where < e < 1, in contradiction to our observations 
and those^^ on CeRhlns. Neutron-diffraction studies of 
CeRhlugSE show that Q and the local moment remain 
well defined and weakly changing as P Pc, supporting 
speculation of similar behavior in Ge2RhIn8. We cannot 
rule out the possibility that most of the Fermi surface is 
exactly spanned by Q in both compounds, but this seems 
very unlikely. 
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Alternatively, we speculate that the entire Fermi sur- 
face is hot and p(T) takes a non-Fermi-liquid form be- 
cause the quantum criticality is locali2ii2i At a local 
quantum-critical point, x(q, a;) has an anomalous fre- 
quency dependence throughout the entire Brillouin zone 
and not just at Q. Unlike the weak-coupling SDW limit, 
local criticality, which is facilitated by 2-dimensionality, 
requires the physics of a Kondo lattice, i.e., a local mo- 
ment coupled antiferromagnetically to a bath of itin- 
erant spins and a fluctuating field produced by sur- 
rounding local momentsi^ The nature of superconduc- 
tivity that might develop near a local quantum-critical 
point remains to be investigated, but, because the ba- 
sic interactions are antiferromagnetic, as in the SDW 
limit, superconductivity of d-wave symmetry would be 
expectedi^ Unconventional superconductivity near a 



quantum-critical SDW is favored when £,gl ^ which 
is satisfied in Celns; however, 1/S,gl ~ 1 in Ce2RhIn8 
and ^ 3 in CeRhlus. This, the much higher Tc's, quasi 
2-dimensionality and unexpected p (x T suggest that 
unconventional superconductivity in the latter two com- 
pounds may be mediated by qualitatively different spin 
fluctuations than in Celns. Finally, we note that a 
theory^^ unifying the order parameters of antiferromag- 
netism and d-wave superconductivity predicts a T — P 
phase diagram like that shown in Fig. 4 and allows 
Tc/T/v ~ 1 as found in Ce2RhIn8. 
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